Running Head (60 Char): CFD of Upper Airway Effective Compliance and P crit in OSAS
INTRODUCTION

43
Obese children are at a particular risk for developing obstructive sleep apnea syndrome (OSAS), 44 with an estimated prevalence of 50% (1) compared to 2-4% in the general pediatric population 45 (12). Moreover, compared to normal weight children, obese children respond poorly to 46 treatment directed to affect the anatomy of the upper airway such as adenotonsillectomy (AT), 47 with residual OSAS exceeding 50% (4). Such discrepancy in prevalence and response to 48 treatment is not well understood and may be related to functional mechanisms promoting OSAS 49 in these children.
50
Some insight into such functional attributes of the upper airway in obese children is provided by events/hr) and obese or lean controls without OSAS (AHI<1.5 events/hr) (9). The investigators 53 examined the critical airway collapse pressure in sleep measured using the P crit passive protocol 54 (airway stability measured under brief transient drops in nasal pressure, which maintains the 55 airway in a relatively passive state). Passive P crit was higher in both obese groups. But the 56 activated protocol P crit (airway stability under gradually decreased nasal pressure, allowing an 57 active response to low pressure) was higher only in the obese group with OSAS. These results
58
suggest that the airway is weaker in many obese children, but that some obese children are 59 protected from OSAS by a more robust neuromuscular response during sleep. However, such 60 functional data related to airway collapsibility do not explain the temporal or specific anatomical 61 location (s) leading to obstruction, and therefore have limited therapeutic value.
62
Computational Fluid Dynamics (CFD) modeling based on MRI or CT (19, 22, (24) (25) (26) suggesting that CFD may be useful in planning adenotonsillectomy surgery. Both studies had 74 some outliers, which may be due to structural differences reflected in airway mechanical 75 properties, but the static MRI protocols used in these studies cannot resolve airway tissue 76 mechanical properties.
77
Dynamic MR imaging combined with CFD modeling could potentially advance the field by 78 demonstrating both structural and functional data about the pharynx that relates to OSAS.
79
Wagshul et al (23) developed a novel retrospective respiratory gated MRI protocol that acquires 80 data from a series of normal tidal breaths to assemble a series of dynamic images of the airway 81 over the respiratory cycle. In several relaxed awake subjects, the entire pharynx appeared to 82 expand during inspiration and contract during expiration as one coordinated structure in subjects 83 without OSAS. But in one subject with severe OSAS the airway above the maximum restriction 84 expanded during inspiration, similar to controls, but the airway below the maximum restriction 85 was out of phase and expanded during expiration, suggesting structural or functional differences 86 that may be tied to apnea. Persak et al (20) have used CFD to estimate the pressure field in the 87 deforming upper airway at different phases of inspiration, in order to quantify the airway cross-sectional area vs. internal pressure. The "effective compliance", the slope of the area-pressure 89 curve, can be calculated at any cross-section based on the CFD models, and was higher in young 90 children with OSAS during sedative-induced sleep.
91
In this study, CFD modeling derived from dynamic MRI of the upper airway was used to 92 quantify differences in local airway area-pressure relationships in awake subjects. We The effective compliance at each monitored cross-section, C i , was calculated as the slope of the 
152
The modeling scheme is outlined in Figure 1 . Velocity, pressure, and turbulence statistics 153 (kinetic energy k and specific dissipation rate ω) were calculated in the pharyngeal airway at up to 10 respiratory phase increments using CFD. For each phase modeled, the pharyngeal airway
155
3D volume was segmented from MR images acquired during that phase, using commercial for a period of 100 ms. 
RESULTS
193
We have studied 11 female subjects, 5 with OSAS (4 with PCOS) and 6 non-OSAS Controls ( 2 194 with PCOS). Demographics, polysomnography, and P crit results are summarized in We first describe our results in a sample subject, and then give statistical results. CFD model 
222
For the group comparisons, effective compliances of the nasopharynx and velopharynx tended to 223 be negative in subjects with OSAS, and were significantly lower in OSAS compared to controls 224 (Table 2) . Compliances in the lower pharynx (hypopharynx and oropharynx behind the tongue)
225
were not significantly different. Inspiratory pressure drop through the maximum airway 226 restriction (dP TAmax ) trended higher in OSAS but did not reach statistical significance.
227
Expiratory dP TAmax and minimum airway pressures were not significantly different.
228
Nasopharynx effective compliance C NP was significantly negatively correlated to apnea-229 hypopnea index AHI, as well as hypopnea index (Table 3) . Other airway compliances were not 230 significantly correlated to AHI, although velopharynx compliance correlated significantly to C NP 231 (Table 3) . Passive P crit was strongly correlated to AHI (Figure 3 ), and C NP and passive P crit had a loads since the airway expands on inspiration.
274
The nasopharynx was the only airway segment with significant correlation between compliance
275
and AHI in this study, although C VP was correlated to C NP and was also significantly lower in the velopharynx, compared to the nasopharynx, leading to more expansion at the nasopharynx.
281
The correlations between C NP , P crit , and AHI suggest the possibility of using effective 282 compliance to improve treatment selection for obese patients. In a previous study of the effects 283 of adenotonsillectomy surgery, postop changes in CFD pharyngeal pressure drop based on static
284
MRI anatomy correlated well to improvement in AHI in patients that improved after surgery, but 285 did not identify the patients who did not benefit from surgery (13). In the current study, effective 286 compliances did not correlate strongly to pharyngeal pressure drop, which raises the possibility 287 that effective compliance is independent from pressure drop and might help to identify patients who would not benefit from adenotonsillectomy; we are planning a longitudinal study to 289 evaluate this hypothesis. C NP may also be a noninvasive surrogate for passive P crit . C NP in its recordings, and in its current form is noninvasive. It is also performed without manipulating 295 nasal pressure, so it simulates normal tidal breathing more than the response to a negative 296 pressure challenge used in a P crit study. C NP might be related to clinical measurements of airway 297 collapsibility using negative expiratory pressure (NEP); the relative increase in expiratory flow 298 with 5 cmH 2 O NEP during quiet wakeful breathing is inversely correlated to the pressure flow 299 slope in P crit tests of adolescent subjects (3).
300
Our finding of negative effective compliance in OSAS contrasts with our earlier pilot study (20)
301
which was based on images of sedated children. In that study effective compliance was positive 302 and a higher magnitude in OSAS, consistent with sedation causing a relatively passive airway 303 that did not maintain the airway cross-section during tidal breathing from atmospheric pressure.
304
Future studies should also estimate effective compliance in sleeping subjects. 
